Abstract-A novel slow-wave structure (SWS), the coaxial inverted helical groove structure, is presented and those of its properties used for wide-band traveling-wave tube (TWT) are investigated. The first part of the paper concerns the wave properties of this structure in the case of a vacuum. The influence of the geometrical dimensions on dispersion characteristics and interaction impedance are investigated. The theoretical results reveal a very weak dispersion for the fundamental wave in the structure. The negative dispersion can be realized by a suitable selection of the structural parameters. The interaction impedance of the fundamental wave is about 10 . The interaction impedance of the 1 space harmonic wave is much lower than that of the fundamental wave. Thus, the risk of backward wave oscillation is reduced. The software high frequency structure simulator (HFSS) is also used to calculate the dispersion property of the SWS. The simulation results from HFSS and the theoretical results agree well, which supports the theory. In the second part, a self-consistent linear theory of a coaxial inverted helical groove TWT is presented. The typical small signal gain per period is about 0.5 dB and the 3-dB small-signal gain bandwidth can exceed 25% with a 33-dB gain of tube.
F
ROM the invention of the traveling-wave tube (TWT), it has been a challenge to build a higher frequency, higher power, and broad-band device. With the development of modern electronic techniques, such an amplifier is extremely useful in electronic communications systems. The helix is by far the best structure for wide-band TWT. However, its low capacity for thermal dissipation limits the power delivered by the tube. Therefore, for high power application, the coupled-cavity structure is the preferable circuit. The output power of the coupled cavity is typically of an order of magnitude higher than that of a helix. However, its operation bandwidth is considerably narrower, less than 10%. Although some larger power helix TWTs [1] - [7] and middle bandwidth coupled-cavity TWTs [8] , [9] have been built using innovations in technology and electronic materials [10] , they do not completely meet the need of the rapid advancement of high power broad band TWTs. Therefore, researchers are becoming increasingly interested in analyzing the properties of a wide band and good heat dissipation in a single slow-wave structure.
A range of all-metal slow-wave structures, including the line, helical groove structures [11] - [17] , folded waveguide [18] - [20] , coaxial radial line, etc., is presented and analyzed. Among these structures, the helical groove attracts attention because of its peculiarities [13] : 1) large size, the transverse dimensions being comparable to those of coupled cavity structures; 2) high precision of manufacturing and assembling (the pitch can be machined to close tolerance); 3) good heat dissipation capabilities, especially at millimeter frequencies. However, a study on rectangular groove shows that it has a naturally narrow bandwidth [11] . In order to improve this structure, Liss et al. [13] presented a helical ridge-loaded groove circuit. They made an experimental tube in the Raytheon Company, and later we investigated this structure theoretically [14] . The introduction of the capacitive ridge loading in the structure tends to reduce dispersion, but the bandwidth is still narrow, the instantaneous bandwidth of the Raytheon circuit being only 1.3 %.
Recently, interest in variable shape helical groove structures for use as an SWS in TWT [12] - [17] has increased. Meanwhile, the use of such structures as an operating system for a gyrotron TWT has significantly broadened its bandwidth and increased its efficiency [21] , [22] . The authors [17] examined the effect of the groove shape on the dispersion characteristics and indicated its notable influence in the slow-wave regimes. Meanwhile, it is still necessary to improve the bandwidth of this kind of structure as a SWS. In this regard, a coaxial inverted helical groove structure is presented for the possibility of achieving broad-band operation. From the following analysis, we can see that this structure has a naturally very weak dispersion, and the 3-dB small-signal gain bandwidth can exceed 25% with a 33-dB gain of tube. By proper choice of the structure parameters, negative dispersion can be achieved in this structure. Moreover, the interaction impedance of the 1 space harmonic wave is rather small compared with that of the fundamental wave. Therefore, this structure has the potential for obtaining high power output in a wide-band frequency range.
In this paper, the wave properties in the case of a vacuum and beam-wave interaction in this helical groove structure are investigated theoretically in slow-wave regimes. In Section II, the field expressions, dispersion equation, and the interaction impedance are derived and calculated numerically for various physical dimensions. In addition, the results obtained by the present theory are compared with those of HFSS. Section III presents the concept of the beam-wave interaction in this kind of TWT, in which a large diameter annular electron beam guided by a strong magnetic field propagates through the surface of the inner helical groove structure, producing a coherent wide-band radiation. The "hot" dispersion relation is derived and then numerically solved by the downhill method. A brief summary is given in Section IV.
II. WAVE PROPERTIES IN A COAXIAL INVERTED HELICAL GROOVE SWS
First, we will investigate the wave properties including the dispersion relation and the interaction impedance of the structure in the case of a vacuum. This structure, illustrated in Fig. 1 , is composed of a cylindrical wave guide and an inner helical groove structure at its axis, which can be thought of as being formed by cutting a step-shaped groove helically around a metal rod. An electromagnetic wave propagates around the helical groove, twisting its way down the axis. Wave propagation is then slowed down in the direction so that interaction with an annular beam traveling axially through the space between the cylinder and the inner helical groove will occur. When the energy transfers from the beam to the wave, wave amplification occurs.
A. The Field Distribution
In the following analysis, the structure is divided into three regions: the inner groove region , the gap region , and the interaction region , where , , and represent the outer radii of each region, respectively, and stand for the widths of the groove and gap, respectively, is the pitch, and is the pitch angle.
In the groove and gap regions ( and ), the wave is assumed to propagate along the helical direction. If the pitch is sufficiently small compared with the wavelength, the high order evanescent modes in these regions may be neglected and only the fundamental TE mode is excited. The helical coordinate system [11] is applied to solve the wave equation, where is the radial coordinate, is the angular coordinate along the helical direction, and is the longitudinal coordinate perpendicular to the helical direction. Then the field expressions in these two regions may be written as the following.
. Groove region (1) . Gap region (6) where , , and field amplitude coefficients; angular frequency of a wave; permeability of free space; angular propagation coefficient for waves propagating round the groove and gap (The relationship between it and , the axial phase propagation constant in the interaction region, can be determined by noting the fact that the phase shift per pitch in the interaction region should be equal to the phase change per turn in the groove, and this leads to );
Bessel functions of first kind and order ; first derivative of with respect to .
In the interaction region ( : ), besides the normal slow-wave modes, the fast-waves will exist because of the closeness of the structure. Each of these waves will consist of infinite sums of space harmonics because of the periodicity of the structure. The cylindrical coordinate system is employed, and the field component can be obtained in (7) by using Floquet's theorem in the periodic structure.
. Interaction region 
B. Vacuum Dispersion Characteristics
With the help of the field matching conditions and the field expressions obtained in Part A, it is possible to derive the dispersion equation of this structure. The field boundary conditions at are that the tangential -fields must vanish, i.e.,
This leads to (9) while at , we have the following field-matching and admittance-matching conditions: (10) (11) where is shunt susceptance [23] for change in the gap width. Equations (10) and (11) give (12) (13) At the interface , it is necessary that all tangential electric and magnetic field components be continuous. Here, the fieldmatching conditions are chosen as follows: (14) (15) (16) Substituting the field expressions (7) and (2) into (14) and (15), and applying the Fourier analysis, one may derive the following relations between the field coefficients:
where After evaluating the integrals on both sides of (16), and eliminating the field coefficients in them, one can finally obtain the dispersion equation for a coaxial inverted helical groove SWS (21) Equation (21) is a very complex transcendental equation including the integrals associated with Bessel functions and the summations of an infinite series; it should be solved numerically. Fortunately, the series converges rapidly as increases; if only four terms are calculated , the relative error of the solution may be less than 10 . We calculated seven terms . To solve this transcendental equation, the author developed a general FORTRAN computer program. Fig. 2 shows the dispersion characteristics of a coaxial inverted helical groove SWS. For comparison, we also simulated the structure using a three-dimensional EM simulation software HFSS. The continuous curve represents the calculation results obtained by our program, and the triangle points indicate the results by HFSS. It is very clear that HFSS simulation data agree well with the numerical calculation data from the present theory; the values calculated in each method differ from each other by an average of only 3%, which justifies a high degree of confidence in the theory.
As we know, for wide-band amplification in a traveling-wave tube, the electromagnetic wave and the beam must maintain synchronization in a broad-band frequency range, i.e., the axial component of the phase velocity of the wave on the RF circuit must approximate to the electron beam velocity. When the frequency is varied, making wave velocity differ from the electron velocity, the gain of the tube will decrease. Thus, the variation of the circuit velocity with frequency is a very important consideration in the design of a TWT and will decide its bandwidth. The phase velocity normalized by in this structure is written as , where is the speed of light in vacuum. Fig. 3 shows the effect of varying the inner radius on the dispersion characteristics. It is clear that, as the inner radius increases, forcing the groove to become shallower and the structure approach to a coaxial line (where TEM waves exist), the phase velocity increases and the dispersion curves become flatter. Thus, wide-band beam-wave synchronization takes place in this structure even when a higher operating voltage is used. In addition, it may be seen from Fig. 4 that the negative dispersion can be attained by selecting a larger gap width. So, there exits an optimum gap width that would correspond to fairly dispersion-free characteristics. One, therefore, may expect this structure to operate in broad-band frequency ranges. 
C. Interaction Impedance
The interaction impedance is another important parameter in a traveling-wave tube. It is a measure of the interaction between an RF wave and electron beam. From Pierce's theory [24] , the gain of the tube is proportional to the amplification parameter , where , in which is the interaction impedance of th space harmonic and is defined as (22) where is the longitudinal component of the th space harmonic at the position of the electronic beam and is its conjugate; is the total power flow through the whole circuit (23) where and are the power flows in regions and , respectively.
is the power flow of the th space harmonic in Region . After evaluating the integrals by using the result in reference [25] , one gets (24) Similarly (25) (26) where (27) Using the results of the dispersion relations obtained in Part B, we may calculate the interaction impedance according to (22) . Here, the interaction impedance is calculated by assuming that a sheet of electron beam passes through the surface of the groove, i.e., the radius of the electron beam is equal to . Note that all the quantities in the definition of the interaction impedance are "cold" quantities; namely, they do not account for the presence of the beam. Fig. 5 plots the interaction impedance of the fundamental wave (solid line) and 1 space harmonic wave (dashed line) as the inner radius changes. The physical parameters are identical to those in Fig. 3 . Apparently, the interaction impedance reduces with . This is because of the reduction of the axial component of the electric field by increasing . Thus, the structure with a small could reach a relatively larger interaction impedance. Unfortunately, compared to the coupled-cavity [26] , the typical interaction impedance of the fundamental wave is small (about 10 ), which will bring a low gain of the tube. While the coupling impedance of the 1 space harmonic wave is even less, especially at low frequency range, its value is only about 0.05 , so the weak backward wave interaction may reduce the risk of the backward wave oscillating.
The effect of the gap width on the interaction impedance of the fundamental wave is illustrated in Fig. 6 . It is shown that the interaction impedance has a more complex relation with gap width, and in general, the variation of and gap width is not large enough to be significant.
III. LINEAR THEORY OF A COAXIAL INVERTED HELICAL GROOVE TWT
In this section, we will discuss the beam-wave interaction in the inner helical groove TWT. We will first derive the "hot" dispersion equation for this kind of TWT. The beam employed here is assumed to be a thin hollow electron beam under the influence of an infinite axial magnetic field ; thus, it would propagate uniformly along the symmetry axis of the system with velocity . The equilibrium current density of the beam is described as (31) where represents the ambient beam density, and and represent the radius and thickness of the annular beam. The configuration of the system is shown in Fig. 7 .
Following the scheme used in Part II and the method used by Freund [27] , one can solve the motion and continuity equations for electron beam and the Maxwell equations for the perturbed field and in the linearized framework, giving the following (1) and (2), respectively. It should be noted that and both become complex numbers because of wave amplification here.
The field matching conditions at , , and are the same as those given in Part II. The following are the matching conditions at the surface of the electron beam:
where describes frequency tuning, and denotes the square of the electron plasma frequency. is free wave impedance, and are the electron charge and rest mass, respectively. When there is no electron beam, the "hot" dispersion equation (34) can be reduced to the equation (21) . This equation is a complex transcendental equation for and and can be handled numerically by the downhill method [28] . Once the electron parameters and the dimensions are given, the relation between and can be evaluated. The small signal gain per period of a coaxial inverted helical groove TWT can be given as dB/period (42) where " " denotes the imaginary part of a complex number. Here, we show several numerical results of the small-signal gain per period versus the frequency with assumed beam parameters. In order to illustrate the wide-band amplification in this structure, Fig. 8 shows the plots of the small-signal gain per period versus the normalized frequency for , , ,
, ; A: , KV; B: , KV; C: , KV. As expected in Part II, it is shown that a broad-band amplification can be achieved in this kind of structure, and with increase of , the interaction frequency range extends. If a 33-dB gain is requested for the center frequency, the 3-dB bandwidth of the device may exceed 25% (structure C in Fig. 8) .
In addition to the influence of the inner radius on small-signal gain per period, the effect of the gap width was examined for , , , , , case A:
; case B: ; case C: . As can be seen from Fig. 9 , if the beam parameters are fixed, (A), KV, , there exists an optimum structure (structure C in Fig. 8 ), where the largest interaction range together with the largest gain can be realized. In general, the small-signal gain of the structure appears small, which is in accordance with its low interaction impedance.
IV. CONCLUSION
In this paper a coaxial inverted helical groove SWS has been investigated for wide-band TWT application. First, the wave properties of the structure in the case of a vacuum were analyzed. The dispersion equation and the interaction impedance were derived and calculated numerically with the variation of physical dimensions. It was found that this structure has a very weak dispersion, and the negative dispersion can be realized by a suitable selection of the structural parameters, showing a large potential for application in broad-band millimeter wave TWT. While the typical interaction impedance of the fundamental wave is small (about 10 ), which will bring a low gain in this structure, the interaction impedance of the 1 space harmonic wave is even less. Therefore, the weak backward wave interaction may reduce the risk of the backward wave's oscillating. In addition, the numerical results agree well with those of HFSS and support the theory.
The beam-wave interaction in this kind of TWT was examined. A self-consistent linear theory of the structure was obtained and the derived "hot" dispersion equation was solved numerically by the downhill method. The analysis revealed that a wide-band coherent radiation can be produced in this type ofTWT.
